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Abstract— & new type of piezoelectric composite has been de- 
veloped for oceanographic applications. The composites have a 
large figure of merit (d h • g h or d h * £*/tan 6), a large dielectric 
constant (K) and low dielectric loss, as well as great mechanical 
strength. A shallow cavity between the PZT ceramics and thick 
metallic electrode is designed to convert a portion of the z-di- 
rection stress into a large radial and tangential stress of oppo- 
site sign, thereby causing the d 3i and d 3t contributions to d h to 
add rather than subtract, and raising the figure of merit. The- 
oretical stress analysis was carried out using an axisymmetric 
finite element method. Experimental results show that the d h - 
£*, K and withstandable pressure are extremely high. 



I. Introduction 

FOR many hydrophone applications, there is a great 
demand for piezoelectric composites with a high hy- 
drostatic piezoelectric charge coefficient (d h ), high hydro- 
static piezoelectric voltage coefficient (g h ), and high die- 
lectric constant (K) as well as a high pressure tolerance. 
In the last decade, several piezoelectric ceramic-polymer 
composites with different connectivity patterns have been 
developed for hydrophone and medical transducer appli- 
cations [l]-[4]. The advantages of these composites over 
ceramics include higher figure of merit d h * g h to enhance 
the sensitivity, increased mechanical compliance, smaller 
acoustic impedance for matching to water or tissue, and 
lower transverse electromechanical coupling coefficient to 
reduce cross-talk noise and improve directivity of the 
transducer array. Disadvantages of these ceramic-poly- 
mer composite transducers however, are lower dielectric 
constant and lower pressure tolerance than their ceramic 
counterparts. 

Flextensional transducers composed of a piezoelectric 
ceramic and a shell structure exhibit good electro-acoustic 
performance [5], [6] in which the extensional vibration 
mode of a piezoelectric ceramic is coupled to the flexural 
vibration mode of a metal or polymer shell. The shell is 
used as a mechanical transformer for transforming the high 
acoustic impedance of the ceramic to the low acoustic 
impedance of the medium and for producing large volume 
velocity. Or, when operated in the reverse direction, the 
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TABLE I 

Comparison of g h * d h Product Among Various 
Piezoelectric Materials 



Material 


d h ■ * A (xlO- ,5 m 2 /N) 


PZT-brass composite 


-50,000 


PZT 


-no 


PbTi0 3 


-1.800 


Voided Thick PVDF 


-5,000 



large velocity in the medium produces a high stress in the 
ceramic. All five types of flextensional transducers de- 
scribed in [5] and [6] are designed to operate in the low 
frequency range below 10 kHz. 

This paper describes a new type of piezoelectric ce- 
ramic-metal composite based on the principle of a flex- 
tensional transducer. The basic structure is described in 
Section II and has some similarity to a class V flexten- 
sional transducer [7], A computer analysis of the stress in 
the composite was performed using the finite element 
method (FEM). The stress contours are described in Sec- 
tion III* In Section IV, the experimental results are pre- 
sented to show that this type of composite can provide 
very high d h • g h or d h * #/,/tan 5, [8] together with a 
large capacitance and high withstanding pressure. Table I 
compares the d h ■ g h values of the PZT-metal composite 
with other commonly used transducer materials. 

II. Basic Principle 

As is well known, PZT ceramics have high d 33 and d 3u 
but their d h (— d 33 + 2d 3i ) values are only about 45 pC /N 
because </ 31 and d 33 have opposite signs. To enhance d h , 
we have developed a PZT-metal composite with very 
shallow cavities between the PZT ceramic and thick metal 
electrodes that convert a portion of the z-direction stress 
into large radial stresses of opposite signs, thereby caus- 
ing the d 33 and d 3x contributions to d k to add rather than 
subtract, leading to high d h . 

A cross section view of the disk shaped PZT-metal 
composite is shown in Fig. 1. The cylindrically symmet- 
ric structure is designed to obtain an extensional vibration 
mode of PZT, and high hydrostatic pressure tolerance. 
The height of the shallow cavity h is less than 150 ^m. 
The shallow cavity allows deformation of the metal elec- 
trode toward the ceramic disk by closing the cavity that 
reduces stress amplification in the PZT and prevents 
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Fig. 1. Geometry of the composite. 

breakdown during Shockwaves or very high hydrostatic 
pressure. The concept of the stress transformation can be 
explained in a simple manner using the cross section in 
Fig, 2 and the following equations: 



F 2 



h_ 
2 



2h 



2h h/° "k * 



c_ A 

2h ~" tan a 



Similarly 



T' — M p 



(1) 

(2) 
(3) 
(4) 

(5) 



The extensional stress is considered as "negative" here. 
Let T x be the jc-direction stress in PZT, then 



r — p — *j ~ p T 
n p 



(6) 



p 

where P 0 is the acoustic pressure and N is a stress ampli- 
fication parameter; N is approximately equal to 1 /tan cx, 
where a is the shallow cavity angle shown in Fig, 2; T z 
is the z-component of stress in PZT and is given by 



T 9 = P„ 



(7) 



The resulting polarization is </ 31 T x + d$\T y + d^ T Z S 2 /S, 
where S is the surface area of the PZT and S 2 is the surface 
area of the metal-PZT bond. 
Therefore 



(*)n 



S 2 

= d 33 — + 2d 3l 



K J* 



(8) 



This estimate of (^)ma X explains the basic principle of 
the composite, but the experimental result of d h is much 
smaller than (d*)^, partly because N is much less than 
1 /tan a for a thick metal electrode. 

The basic idea of the composite is to attempt to use both 
the d& and d 3l coefficients to obtain high d h . Thick metal 
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Fig. 2. Simplified model for calculating stress transformation. 

plates are used as a mechanical transformer to transform 
the stress direction and amplitude, and also to adjust the 
acoustic value from a low impedance in the ^-direction to 
a high impedance in planar direction. 

The lowest vibration mode of the composite is a flex- 
tensional mode determined mainly by the stiffness of the 
PZT in a planar mode and the equivalent mass of the metal 
plate. This equivalent mass is much larger than the real 
mass of the metal plate, because the vibration velocity at 
the central portion of the metal is much larger than the 
reference velocity in the PZT. The operating frequency 
range of the composite is dependent on this flextensional 
mode that is controlled by the cavity diameter d c ^ the 
height of the cavity h, the thickness of the metal h m and 
the stiffness of the ceramic in planar mode. 

Since the withstanding hydrostatic pressure P m is an- 
other important parameter for the underseas application, 
the stress amplification coefficient N cannot be designed 
too high. Transducers with large cavity diameters (d c ) 
have low flextensional resonant frequency, low P m and 
high d h . 

The capacitance of the composite can be changed by 
adjusting the electrode area on the PZT surfaces, espe- 
cially if the stress in the center portion of the PZT disk is 
small, 

III. Stress Analysis with FEM 
A theoretical analysis of the PZT-brass composite was 
performed using the finite element analysis program, AN 
SYS version 4,3 [9], [10]. A one-quarter axially-sym- 
metric model is shown in Fig. 3. The mesh contained 640 
quadrilateral-shaped elements with 729 nodal points. Half 
of them are in the PZT. The triangular points are used to 
**pin" the object and allow only parallel motion on the 
boundary when stresses are employed. 

To simplify the analysis, the metal bonding layer is ne- 
glected, and a hydrostatic reference pressure of P 0 = 1 is 
applied to the model. Fig. 4 shows the stress contours in 
the radial (R) direction with a quadrupole pattern in the 
brass, and a stress concentration factor of about 20 at the 
tip point of the PZT and the brass. In the PZT, there are 
only extensional stresses in the radial R direction and very 
small stresses in the central portion of the ceramic. The 
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Fig. 3. Mesh used for modeling PZT-brass composites. 




Fig. 4. Finite-element model of stress in R direction. 
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Fig. 5. Finite-element model of stress in direction. 




Fig. 6. Finite-element model of stress in z direction. 



tangential stresses (</> direction) in Fig. 5 shows that there 
are bending stresses in the brass, and extensionai stresses 
in the PZT. The stress contours in the z-direction shown 
in Fig. 6 indicate that there are undesirable extensionai 
stresses in the PZT, and the stresses are concentrated with 
a factor of about 15 at the tip of the cavity between the 
PZT and brass. The stress analysis, which neglected the 
PZT-brass interface layer, shows that the material used as 
to bond the PZT and the brass should have greater com- 
pliance than brass or PZT in order to reduce the stress 
concentration factor and to obtain compressive stresses in 
the PZT along the z-direction, thereby forming large ex- 
tensionai stresses in the PZT along the R- and 0-direc- 
tions. A thick bonding layer of a metal with lower elastic 
moduli metal leads to higher sensitivity in hydrophone ap- 
plications. 
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IV. tRperiments and Results 

PZT-brass composite samples with dimensions (Fig. 1): 
d = 11 mm, h m ~ 1.2 mm, h p = 1.1 mm, h = 100-150 
fim, and four different cavity diameters d c = 7.6 mm 
(large cavity), 5.8 mm (middle cavity), 4.1 mm (small 
cavity), 2.5 mm (very small cavity) were fabricated for 
the experiments. In order to obtain a thick bonding layer, 
the brass plates were bonded to a PZT-5 disk with the 
capacitor electrode silver paste and fired at 600°C for 10 
min. Brass was chosen for its lower thermal expansion 
coefficient (approximately 15 ppm/°C). After cooling, 
the composite was encapsulated around its circumference 
with Spurrs epoxy resin and cured at 90°C for more than 
8 hours. The composite was poled in oil at 150°C with a 
2.5 kV/mm electric field for about 15 min. 

The g h coefficient was determined using a dynamic ac 
technique. An electromagnetic driver was used as an ac 
stress generator to apply pressure waves to the sample and 
a PZT standard, which were kept under a static pressure 
(up to 1000 psi (7 MPa)) with a hydraulic press. The 
charge produced by the sample and the standard were 
buffered with an impedance converter, and the resulting 
voltages measured on a Hewlett-Packard 3585A Spec- 
trum Analyzer. The ratio of the voltages is proportional 
to the g h coefficients. Accounting for the geometries of 
the sample and PZT standard, and the stray capacitance 
of the holders, the g h coefficient of the sample was cal- 
culated. Using the measured values of g hy the hydrostatic 
piezoelectric coefficient, d k , was calculated from the re- 
lation, d h = e 0 Kg h . 

A question arises in how to compare the output of this 
transducer with other piezoelectrics. Since g h is obtained 
from the output voltage and the thickness of the composite 
and standard samples, we have chosen the thickness of 
composite sample to be the same as the thickness of PZT 
disk in order to retain the same dielectric constant as PZT. 
Otherwise, g h will be three times less and the apparent 
dielectric constant will be three times higher. 

The experimental results presented in Figs. 7 and 8 
show that large cavity sizes lead to very large d h and g h 
values. Moreover, the dielectric constant exceeded 1500 
and tan 8 was less than 0.025. Fig. 9 shows the relation- 
ship between the d n value, measured at center point of 
the sample with a Berlincourt </ 33 meter using the electro- 
magnetic driver operating at a frequency of 100 Hz, and 
the d h value measured by the method just described. The 
d 33 value increases markedly with cavity diameter. Fig. 
10 shows that the frequency of the lowest flextensional 
mode decreases as the cavity diameter increases. There- 
fore, the larger cavity diameter composites possess a lower 
operating range. 

Because the thermal expansion coefficient of brass is 
larger than the PZT (approximately 5-7 ppm/ °C), com- 
pressive prestresses are applied to PZT during the bond- 
ing process in R and <j> directions perpendicular to the pol- 
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Fig. 7. Hydrostatic pressure dependence of d k and g h . Large cavity, d c 
7.6 mm, K = 1700. 
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Fig. 8. Hydrostatic pressure dependence of d h and g h . Small cavity, d c 
4.1 mm, K = 1560. 
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Fig. 9. The d h dependence of d yi at center point of the disk. 
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Fig. 10. First flextensional frequency dependence of cavity diameter. 
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Fig. 11. Aging under hydrostatic pressure. Hydrostatic pressure P„ — 350 

psi. 




Fig. 12. Flexible array incorporating four composite transducers. 



ing direction. These prestresses help to maintain the 
polarization in the PZT. Fig. 1 1 shows that aging under 
hydrostatic pressure at 350 psi (about 2.5 MPa) was very 
small. 

Lastly, a planar array was made for testing by embed- 
ding four composite samples with large cavities in epoxy in air and in water presented in Figs. 13 and 14 show that 
resin (Eccogel 1365-25, Emerson and Cummings, Inc.) the lowest flextensional mode was higher than 30 kHz and 
(Fig. 12). The admittance and conductance of the array that the resonant peak in water was flat. Since conduct- 
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13. Conductance and admittance of the array in air. Four elements 
array in air. 
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Fig, 14. Conductance and admittance of the array in water. Four elements 
array in water. 

ance exhibit only a weak resonance peak, a flat receiving 
response is expected to extend to more than 20 kHz. 

V. Conclusion 

1) PZT-brass composites with redirected stresses ex- 
hibit a very high figure of merits (d h * g h or d h * g/,/tan 
5) as well as high dielectric constant K, and high with- 
standing pressure P m . The composite characteristics in- 
cludes values of d h ♦ g h s 50,000 x 10" 15 m 2 /N, K > 
1400 and P m > 1000 psi. The improved transducer per- 
formance promises to be important in many naval appli- 
cations, and for detectors for oil exploration and earth- 
quake seismology. 

2) Larger cavity sizes lead to large d h and g hi but lower 
operating frequencies. 

3) Very little aging was observed under high hydro- 
static pressure of 350 psi. 

4) An experimental four-element flexible array shows 
that the lowest resonance frequency is higher than 30 kHz. 
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